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A silica–cerium mixed oxide (SiCe) was prepared by the sol–gel process, using tetraethylorthosilicate and
cerium nitrate as precursors and obtained as an amorphous solid possessing a speciﬁc surface area of
459 m2 g1. Infrared spectroscopy of the SiCe material showed the formation of the SiAOACe linkage
in the mixed oxide. Scanning electron microscopy/energy dispersive spectroscopy indicated that the cer-
ium oxide particles were homogenously dispersed on the matrix surface. X-ray diffraction and 29Si solid-
state nuclear magnetic resonance implied non-crystalline silica matrices with chemical environments
that are typical for silica-based mixed oxides. X-ray photoelectron spectroscopy showed that Ce was
present in approximately equal amounts of both the 3+ and 4+ oxidation states. Cyclic voltammetry data
of electrode prepared from the silica–cerium mixed oxide showed a peak for oxidation of Ce3+/Ce4+ at
0.76 V and electrochemical impedance spectroscopy equivalent circuit indicated a porous structure with
low charge transfer resistance. In the presence of nitrite, the SiCe electrode shows an anodic oxidation
peak at 0.76 V with a linear response as the concentration of the analyte increases from 3  105 at
3.9  103 mol L1.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Cerium oxide has been widely investigated due the combination
of an elevated transport capacity and the ability to shift
between reduced and oxidized states. One of the main applications
of ceriumoxide is as a catalyst for treating exhaust gases from inter-
nal combustion engines through the oxidation of hydrocarbons to
CO and CO2 and the reduction of nitrogen oxides to N2 [1]. Another
application that has gained prominence in recent years is the use
of cerium oxide in electrodes to construct electrochemical sensors
for determination of different analytes [2–4]. Ceriumoxide presents
low thermal stability and undergoes sintering at high temperatures
changing important properties [5]. One approach to overcome this
problem is inserting the oxide in a silica matrix, which confers the
necessary mechanical and thermal resistance without loose the
other properties [6].
To achieve this combination of silica–cerium oxide, the sol–gel
process is a useful method, since it uses hydrolysis and condensa-
tion reactions to form a polymeric network that can be converted
into the oxide of interest through the removal of the liquid compo-
nents. This is a very versatile technique for the synthesis of mixederal de Alfenas, Instituto de
130-000 Alfenas, MG, Brazil.
setti).
evier OA license. oxides because it allows production of highly homogeneous solids
using relatively mild conditions [7]. Use of the sol–gel process for
preparing materials containing cerium oxide covers a broad spec-
trum of applications such as formation of electrochromic devices
[8], coating of aluminum alloys [9], and catalysts for the oxidation
of CO [10].
Nitrite is an important chemical species of both biological and
environmental interest due to environmental contamination of the
aquifer reservoirs by the inﬁltration of agricultural fertilizers. For
instance, when ingested, this species can bind to hemoglobin, caus-
ing methemoglobinemia in infants [11,12]. Many methods have
been developed for the detection of nitrite using various techniques
such as capillary electrophoresis, chemiluminescence, ﬂuorescence
spectroscopy, and high-performance liquid chromatography; how-
ever, someof themrequire complicated andexpensive instrumenta-
tion. Nitrite anions behave as an electroactive specieswhen exposed
to different electrodes, a property that has attracted much interest
for thedevelopment of electrochemical sensors for its quantiﬁcation
[13,14]. To present efﬁciency toward this analyte, usually, an
electrode with complex composition is necessary, for instance, con-
taining electrons mediators, carbon nanotubes, and a conductive
polymer [15]. To the best of our knowledge, there are no reports in
the literature using the silica–ceriummixed oxide for the modiﬁca-
tion of carbon paste electrodes. Thus, the aim of this work is the
synthesis of a porousmixed oxide using the sol–gel process in order
to conﬁneanddisperse ceriumoxide into a silicamatrix. The texture,
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were investigated by X-ray diffraction, infrared spectroscopy, scan-
ning electron microscopy/energy dispersive spectroscopy, 29Si
solid-state nuclear magnetic resonance, X-ray photoelectron spec-
troscopy, cyclic voltammetry, and electrochemical impedance spec-
troscopy techniques. The material was then used to prepare carbon
paste electrodes for the electrooxidation of nitrite.
2. Experimental
2.1. Preparation of silica–cerium mixed oxide
The silica–cerium mixed oxide was prepared by adding a 3.5 ml
solution of 3.5 mol L1 aqueous HCl to a 60 ml solution of 1:1 (v/v)
ethanol:tetraethylorthosilicate (TEOS). The mixture was stirred for
3 h at 333 K under an argon atmosphere. After the prehydrolysis
step, 2.92 g of Ce(NO3)36H2O was added, and the mixture was stir-
red for 2 h at 323 K. An additional 1.7 ml of the 3.5 mol L1 HCl
aqueous solution was added, and the mixture was stirred for
another 3 h at room temperature. The system was then kept with-
out agitation for over 18 h before slowly evaporating the solvent at
333 K until a gel formed. The product obtained was heated at 393 K
for 2 h and 423 K for 45 min. The material was pulverized, washed
with 0.1 mol L1 HNO3, distilled water, and ethanol, and dried
under vacuum at 353 K for 6 h. The material obtained will be here-
after designated SiCe.
2.2. Scanning electron microscopy (SEM) and X-ray emission analyses
(EDS)
A Jeol JSM T300 scanning electron microscope (SEM), equipped
with an energy dispersive spectrometer (EDS) microprobe from
NORAN Instruments (model series 2), was used to obtain the
micrographs of the materials. The samples were dispersed on dou-
ble-sided conductive tape placed on a copper support and coated
with gold using a Balzer (Med 020) device.
2.3. Speciﬁc surface area
The speciﬁc surface area was determined by the BET method
(SBET) from the physical adsorption of N2 at 77 K using a Micromer-
itics model Flowsorb II 2300 instrument connected to a 2300 FC
ﬂow controller. Prior to measurement, all the samples were out-
gassed at approximately 104 Pa at 373 K for 4 h.
2.4. X-ray diffraction
X-ray diffraction patterns were obtained on a Shimadzu XRD-
6000 diffractometer using Cu Ka radiation (k = 0.154 nm, 40 kV
per 30 mA) and a sweeping velocity of 2min1 (units of 2h).
2.5. Infrared spectroscopy
The infrared spectroscopy spectra FTIR were measured using a
Shimadzu IR Prestige-21 spectrometer at room temperature in the
range between 4000 and 500 cm1 with a resolution of 2 cm1 and
taking 20 scans.
2.6. 29Si nuclear magnetic resonance
The 29Si nuclearmagnetic resonanceNMR spectrawere obtained
on a Bruker AC300 spectrometer operating at 59.6 MHz using cross-
polarization magic angle spinning (CPMAS). The acquisition time
was 50 ms with a relaxation cycle of 20 s and a spectral window
of 15  103 Hz.2.7. X-ray photoelectron spectroscopy
The X-ray photoelectron spectroscopy XPS spectra were
obtained on a VSW HA-100 spherical analyzer using Al Ka radia-
tion (1486.6 eV). The high-resolution spectra were measured using
constant analyzer pass energies of 44 eV, which produced a full
width at half-maximum (FWHM) of 1.6 eV for the Au (4f7/2) line.
The powdered samples were pressed into pellets and ﬁxed to a
stainless steel sample holder with double-sided tape and analyzed
without further preparation. Curve ﬁtting was performed using
Gaussian line shapes, and the Shirley background was subtracted
from the data. The pressure during the measurements was always
less than 2  108 mbar. Charging effects were corrected by line-
arly shifting the spectra so that the C1s line had a binding energy
of 284.6 eV.2.8. Electrochemical measurements
The carbon paste electrodes were prepared by mixing 50 mg of
silica–cerium with 50 mg of graphite (Fluka) using 15 lL of liquid
parafﬁn as a binder and depositing into a cavity in contact with a
platinum disk fused at the end of a 5 mm internal diameter glass
tube (designed as SiCe). For comparison, two other electrodes were
prepared, one with only graphite (CB) and other with carbon/silica
(Silica gel 60 – Merck) 1:1 m:m (Si), keeping the same conditions
of total mass and parafﬁn amount. An Autolab PGSTAT 128N
potentiostat–galvanostat apparatus was used in conjunction with
a three electrode system for the voltammetric measurements. All
the electrochemical experiments were carried out in an electro-
chemical cell with 0.5 mol L1 KCl solution as the supporting elec-
trolyte, a saturated calomel electrode (SCE) as the reference
electrode, a platinum wire as the counter electrode, and carbon
paste as the working electrode.
The impedance experiments were carried out using an Autolab/
EchoChimie PGStat 30 apparatus. The results were obtained in a
frequency range between 100 kHz and 5 mHz, applying a 5 mV
sinusoidal voltage. The equivalent circuit was ﬁtted using the Fre-
quency Response Analyzer (FRA) software. For this study, the SiCe
electrode was compared to electrodes with follow compositions:
70 mg SiCe / 30 mg graphite (SiCe70) and 30 mg SiCe / 70 mg of
graphite (SiCe30).
The preparation of the solutions and production of the carbon
paste electrode were performed immediately before taking the
measurements. This procedure was adopted to verify the reproduc-
ibility of the measurements, and these studies were carried out
three times over three different days.3. Results and discussion
3.1. Characteristics of the samples
The SBET measurements resulted in a value of 459 m2 g1, which
indicates that the obtained mixed oxide possesses a porous tex-
ture. This value is similar to other mixed oxides prepared trough
the sol–gel method [16,17]. Fig. 1 shows the FT-IR spectra of the
SiCe and pure SiO2 materials. The main absorption bands for the
SiCe sample were similar to those of pure silica and can be assigned
as follows: 1200–1100 cm1 (mas SiAOASi), 690 cm1 (ms SiAOASi),
and 456 cm1 (d SiAOASi) (not shown). The band observed at
973 cm1 for SiO2 (Fig. 1b) can be assigned to the SiAO stretching
mode (mSiO) of the free silanol groups („SiAOH). In the case of
SiCe, this band is shifted to 947 cm1 (Fig. 1a), indicating the for-
mation of the SiAOACe linkage in the mixed oxide and a strong
interaction between the silica and ceria phases [17,18].
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(EDS)
Fig. 2 shows the SEM micrographs and the corresponding cer-
ium mapped by EDS (white points) for SiCe. The analyses reveal
that the cerium oxide particles are, within the magniﬁcation used,
homogenously dispersed onto the SiO2 surface with no detectable
phase segregation of the oxide particles in the matrix. This homo-
geneous dispersion of the metal oxide into the matrix is an impor-
tant characteristic for the material applications as it enables a
uniform distribution of the cerium oxide species on the surface
[19].3.3. X-ray diffraction patterns
Fig. 3 shows the XRD patterns for a sample SiCe. Three peaks
can be observed between 40 and 80 in the diffractogram that
indicates a low amount of cerium oxide possessing the cubic ﬂuo-
rite crystal structure [20]. This suggests the presence of Ce4+ in the
material. The vitreous halo between 20 and 30 (2h) is typical of
non-crystalline silica matrices.Fig. 2. Images of SiCe material obtained3.4. 29Si nuclear magnetic resonance
The 29Si NMR spectrum, shown in Fig. 4, contains a set of three
signals at 90, 100, and 110 ppm, which can be assigned to
groups Q2, Q3, and Q4 units, respectively. The chemical shift values
for the silicon atoms in this distinct chemical environment are in
good agreement with those found in literature for silica-based
materials prepared by the sol–gel method [16,18,21].by SEM and EDS for cerium atoms.
Table 1
XPS binding energies from the Ce 3d spectrum of SiCe and from Ce3+/Ce4+ standards found in literature.
Sample Bind energies (eV)
Ce (3d5/2) Ce (3d3/2)
v0 v v0 v00 v 000 u0 u u0 u00 u000
SiCe 881.3 – 884.5 887.6 897.4 899.7 – 902.8 905.3 –
CeO2a – 882.6 – 889.3 898.6 – 900.8 – 907.8 916.7
Ce(acac)3a 881.4 – 885.2 – – 899.5 – 903.6 – –
Ce2O3b 880.9 – 885.3 – – 899.7 – 903.8 – –
Ce(acac)3 = cerium (III) acetylacetonate.
a Ref. [31].
b Ref. [32].
930 910 900 890 880 870 860
6.7
6.8
6.9
7.0
7.1
7.2
In
te
ns
ity
 / 
a.
u.
v0
v'
v''
v'''
u0
u''
Bind Energy / eV
u'
Fig. 5. XPS spectrum of the SiCe material for the 3d level of cerium. The u and v
peaks were assigned as discussed in the text.j are experimental results and – is the
best ﬁt.
-0.4 0.0 0.4 0.8 1.2
-0.5
0.0
0.5
1.0
(a)
0.6 0.9 1.2
-0.20
0.00
0.20
0.40
j / 
mA
cm
-
2
E / V vs SCE
-0.4 0.0 0.4 0.8 1.2
-0.5
0.0
0.5
1.0
(b)
0.6 0.7 0.8
-0.1
0.0
0.1
j / 
mA
cm
-
2
E / V vs SCE
j / 
mA
cm
-
2
Fig. 6. (a) Cyclic voltammograms of CB (dot line), Si (dash line), and SiCe (solid line)
electrodes and (b) SiCe30 (dot line), SiCe50 (solid line), and SiCe70 (dash line) in KCl
at a concentration of 0.5 mol L1. The scan rate was 50 mV s1.
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The results of the XPS analysis of the Ce 3d level are presented
in Table 1 and Fig. 5. The XPS spectrum of CeO2 3d level can be
described by using three spin-orbit doublets, the 3d3/2 and 3d5/2,
referred to as u and v, respectively. The doublets u000 and v 000 result
from a ﬁnal electron conﬁguration of Ce 3d9 4f0 (O 2p6). The lower
energy states, u, v, and u00, v00, result from the ﬁnal electron conﬁg-
urations of Ce 3d9 4f1(O 2p5) and Ce 3d9 4f2(O 2p4), respectively
[17,22–26]. The two pairs of spin-orbit doublets (u0, v0 and u0, v0)
from Ce3+ arise from the different conﬁgurations of the 4f ﬁnal
state, which is strongly hybridized with the oxygen 2p orbitals.
The peaks u0 and v0 are characteristic of an electronic conﬁguration
of 3d9 4f1 (O 2p6) for Ce3+, and the peaks u0 and v0 are the result of
an electronic conﬁguration of 3d9 4f2 (O 2p5) for Ce3+ [24,26–28].
The spectrum also shows peaks related to Ce4+ (v00, u00, and v 000)
and the other characteristic peaks of Ce3+ compounds (v0, v0, u0,
and u0). These results are consistent with the literature values [29].
Analysis of the integrated areas of these peaks can provide a
semi-quantitative ratio of Ce3+ in this material, as described else-
where [26–28,32–34], and indicates that the amount is approxi-
mately 75%. However, the reduction of cerium ions during XPS
analysis has been widely reported in the literature [30,32,35] and
must be considered. The rate of photoreduction decreases as a
function of the irradiation time. After 300 min of irradiation, it is
estimated that 30% of Ce4+ undergoes reduction [30]. Taking
these factors into consideration, approximately 50% of cerium in
the SiCe material may be present in the 3+ oxidation state and
50% in the 4+ oxidation state. The observed differences in binding
energy when compared to the tabulated values are related to the
distortion that the silica network causes in ceria due to the forma-
tion of SiAOACe bonds.The photoelectron peak for the Si 2p component was observed
at 104 eV, and the 1s level of the oxygen was observed at
532.6 eV in the SiCe material (graphs not shown). These values
are similar to those found in the literature [6], with small differ-
ences in the binding energy occurring due to the chemical environ-
ment [17,6].
3.6. Electrochemical properties of the material
From cyclic voltammograms of SiCe carbon paste electrode was
not observed a signiﬁcant difference when in acidic media or KCl
(not shown). Since the nitrite electrooxidation was detected in
KCl, the electrochemical studies were conducted at a neutral pH,
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Fig. 6a) shows the cyclic voltammograms of the CB, Si, and SiCe
carbon paste electrodes. The electrode CB does not presented
peaks. Si electrode presents one broad peak at 0.9 V, anodic scan,
probably due cationic characteristics of SiO2 [3,36]. In the electrode
containing SiCe, this process occurs at 1.0 V and the shift occurs
probably due the interaction of cerium with the silica in the mixed
oxide. The other anodic peak on SiCe electrode at 0.76 V, which
presented an increase of current density when higher amount of
SiCe material was added in carbon paste electrode (Fig. 6b), can
be related to Ce3+/Ce4+ oxidation [37–40].
Electrochemical impedance spectroscopy was employed to
determine the charge transfer resistance (Rtc) and the equivalent
circuit, of the SiCe carbon paste electrode. Fig. 7 presents the
impedance plots of the complex plane (a) and the Bode diagram
(b).Table 2
Values for the electrical components of the equivalent circuit.
Element Rs
(X cm2)
C1
(pF cm2)
R1
(X cm2)
W
(X1 cm2)
Q (F cm2) n
Value 17.24 1.32 48.18 1.03  103 2.58  104 0.87
concentration ranging from 3  10 to 3.9  10 mol L (dashed line without
nitrite). KCl 0.5 mol L1. The scan rate was 20 mV s1 and (b) anodic peak current
versus nitrite concentration. (Blank was subtracted.)The obtained results are characteristic for systems that have a
time constant at low frequencies and a phase angle of around
75, indicating a capacitive behavior [41]. However, there is also
an observed time constant at the intermediate frequencies of
10–300 Hz related to the diffusional processes [42].
Table 3
Comparison between determination range, scan rate, and peak potential of different
electrodes for nitrite sensing.
Electrode Determination
range (mmol L1)
Scan rate
(mV s1)
Peak
potential
(V)
Refs.
SiO2/SnO2/C-graphite/
(SiPy+)4CoPcTs4
0.04–1.7 20 0.84 (SCE) [45]
SiO2/SnO2/phosphate/
CoP
0.6–1.0 20 0.72 (SCE) [46]
c/l-Cys/P3MT/
MWCNT/GCE
0.1–0.2 25 0.78 (Ag/
AgCl)
[47]
G4-NH4/MWNT 0.1–1.5 100 0.78 (SCE) [13]
SiCe 0.03–3.9 20 0.76 (SCE)
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simulation of the equivalent circuit (EC). The resistor Rs represents
the solution resistance, R1 is the material resistance, and C1 is the
double layer capacitance due the charge rearrangement at elec-
trode-solution interface. W is the impedance to mass transfer
(Warburg impedance), which was included in the EC to account
for the diffusional processes occurring in the system. The deviation
from an ideal solid-state capacitor is strongly related to the elec-
trode surface, e.g., roughness, degree of crystallinity, and the
adsorption of ions. This deviation from ideal capacitive behavior
was represented by the constant phase element (CPE), and the
equivalent circuit data are presented in Table 2. The value obtained
for the elements indicated an electrode with porous structure and
low electrical resistance [41].
Fig. 8 shows the Nyquist diagrams of SiCe70, SiCe and SiCe30
materials in a [Fe(CN)6]3 solution. The charge transfer resistance
was determined from the intersection of the semicircle with the
real axis of the Nyquist diagrams in high frequencies region.
Charge transfer resistance, Rtc, was calculated from Rtc = Rp  Rs.
For Sice30, SiCe, and SiCe70, the obtained values were 53, 32, and
6X cm2, respectively. For an increasing amount of SiCe material in
the carbon paste electrode, the Rtc decreases, suggesting that Ce3+/
Ce4+ redox plays an important role on the electrode, favoring the
electron transfer [41,43].3.7. Electrochemical applications
In order to evaluate the electrooxidation of the carbon paste
electrode toward nitrite oxidation, linear sweep voltammetry
was obtained both in the absence and with increasing concentra-
tions of the analyte (Fig. 9a). For the electrooxidation of nitrite,
there was not signiﬁcant variation with increasing amount of cer-
ium oxide in the carbon paste electrode. An anodic oxidation peak
was observed at 0.76 V and increases proportionally with the
nitrite concentration.
The plot of the anodic oxidation peak current against NO2 con-
centration in Fig. 9b shows a linear correlation between
R2 = 0.9997 and n = 17, with a concentration range of 3  105 to
3.9  103 mol L1 of nitrite. The detection limit was calculated fol-
lowing IUPAC recommendations [44], and the value obtained was
2  106 mol L1.
The linear range observed for SiCe electrode is similar to that
obtained for others systems where it is necessary to use electron
mediators, such as phthalocyanines and porphyrines [45,46] or
even more complex materials [13,47] (Table 3). Another contribu-
tion of the work was to obtain a similar limit of detection in KCl
media, compared to others materials where is necessary a con-
trolled pH [13,47]. It may be noted that the carbon paste electrode
containing SiCe possesses a good reproducibility when applied tothe electrooxidation of nitrite. Electrocatalytic effect of the mate-
rial can be attributed to free cerium coordination sites and the
redox coupling of Ce3+/Ce4+.4. Conclusions
A simple route for the synthesis of a mixed silica–cerium oxide
by sol–gel has been described. The results showed the cerium
oxide was homogeneously dispersed throughout the silica matrix.
X-ray diffraction showed that the oxides are in the amorphous
state. The binding energies of the cerium 3d level suggested that
the both the 3+ and 4+ oxidation states of the cerium ions are pres-
ent in roughly equal amounts.
The low charge transfer resistance demonstrated that the mate-
rial shows a high rate of electron transfer at the electrode surface.
The observed electrooxidation of nitrite on the carbon paste elec-
trode made from SiCe material was satisfactory, demonstrating a
directly proportional response between the current and the nitrite
concentration in KCl media, suggesting the possibility of develop-
ing an analytical method for the quantiﬁcation of this analyte
through electrochemical sensing.
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